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A high-performance artificial lightweight aggregate has been developed through application of a new
manufacturing method. In this study, we investigate the properties of this high-performance artificial
lightweight aggregate, and examine the effects of this aggregate on several properties of the resulting
lightweight concrete. The aggregate is principally characterized by aggregate particles with no cracks or
large voids, and most of the pores are closed and uniformly small. The aggregate water absorption is so low
that, even if dry aggregate is used, the concrete can be placed by pump without loss of workability. The
strength of the aggregate is improved, so a high-strength concrete is obtained. Furthermore, it tums out that
the resulting lightweight concrete has high resistance to freezing and thawing action, even when it suffers
the high pressures imposed by pumping.
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1. INTROI)UCTION

Lightweightconcreteis an effectiveway to reducethe size and weightof structuralmembersin, for
example,ultra-high-risebuildingsand long-spanstructures.On the other hand, there are seve1.al
unresolvedtechnicalproblemsin the useof lightweightconcretewithartificiallightweightaggregate:
porosityof the aggregate,little increasein compressivestrengthat the high-strengthlevel,and high
absorptionby the aggregate.Inparticular,highabsorptionleadsto veryseriousproblemsin castingthe
concrete,andtolowresistanceto freezingandthawing.

Iflightweightconcretemadewithinsuf6cientlyprewettedaggregateispumped,slumplossoccurs,since
the porousaggregateabsorbswaterduringpumping.Frequentblockagesmayhappenin the conveying
pipe,andtheconcretemaynotretaingoodenoughworkabilityforcastingandplacing.Toovercomesuch
problems,lightweightaggregateisusuallymadewithahighabsorptionof25to 30percentwhenit istobe
pumped.Thishighabsorptionis realizedby meansofaprewettingorpresoakingprocess.However,such
lightweightconcretemay be susceptibleto deteriorationdue to freezingand thawing actionwhen
employedin a coldregion.The authorshaveproposedseveralmethodsof manufacturinglightweight
concretewithsuperiordurability[l]. Asyntheticevaluationof theproposedmethodsbasedontest results
indicatesthatlightweightaggregatewitha lowabsorptionbelow5percentis ideal,thoughsuchconcrete
canbecastonlybybucket,notby pumpforthereasongivenabove.

Toimprovebothworkabilityanddurabilitysoasto allowpumping,anewmanufacturingmethodforhigh-
performancelightweightaggregatehasbeeninvestigatedby focusingontheporestructul.eOftheaggregate
particles.Mostlightweightaggregateson themarketconsistofexpandedshaleorexpaJldedclay.Mostof
theirporesareopen,so theyreadilycommunicatewitheachother,andlargevoidsandcracksareeasily
formed.Theporescanbemademostlyclosedandunifonnlysmallbychangingboththerawmaterialsand
themanufactmingmethod.

Wereporthereon a newaggregatemanufacturingmethod,alongwithseveralpropertiesoftheaggregate
and the effectsof usingthis aggregateon severalpropertiesof lightweightconcrete.In particular,we
consideritseffectson durabilityinthefaceoffreezingandthawing.

gig

Therawmaterialusedforthehigh-performanceartificiallightweight(HAL)aggregateisbiotiterhyolite,
whichoriginatesin lava.ThismaterialisproducedonNiijimaIsland,offTokyo.Itfeaturesahighcontent
ofSiO2 (78.7%), A1203 (12.3%), Na20 (4.0%), K20 (2.7%), and a low content ofFe203 (0.9%).

The aggregate is manufacturedaccording to a new method, as shown in Fig. 1. This method is
characterizedby the pulverizationof the raw material,the additionof a foamingagent,and a buming
procedure.Veryfinepulverizationis achievedbyusinga ballmill,givinga particlesizesmallerthan lO
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Table1 Materialsused

pm,andverydensepelletsaremadewithsuitableapparatus-suchasaniterpress.Thisshortensthemutual
distancebetweenpowderparticlesand unifomiydispersesthe foamingagent.Furthermore,fewmicro
cracksoccurintheaggregateparticles,becausethesizeofthequartzcrystalsintherawmaterialisreduced.
By controllingthe bumingtemperatureand the kiln atmosphere(oxidizingatmosphere),the biotite
rhyoliteitselfbecomesnon-expansive,unlikeexpandedshaleorclay.Inorderto inducetheformationof
pores,a reducingagent(Sic) is employedand acts as a foamingagent.Thispl.OCedureI.eSultsin the
formationofclosedanduniformlysmallpores,asillustratedinFig.2.Thespecincgravityoftheaggngate
canbevariedovera widerangeby adjustingthebumingtemperatureandthequantityoffoamingagent.

3. SCOPE OF TESTS

f9ii?ges

ThematerialsusedinthisstudyareshowninTable1.Nomal portlandcementandundensifiedsilicafume
wereusedas thecementitiousbinders.Thefineaggregatewaslandsand.ThreetypesofHAL(HAL-A,B,
andC) andtwotypesof lightweightaggregate(AL-1andAL-2)wereusedas thecoarseaggregate.The
latterarereadilyavailableexpandedshaleaggregates.TheHALaggregatesweremanufactured,soas tobe
significantlylighterthan conventionallightweightaggregates,withequivalentspecificgravityto the
conventionallightweightaggregateunderoven-dryandsufficientlyprewettedsurface-dryconditions.The
oven-dryspecificgravityof the HALaggregateswasmade0.9ji).I for HALA, 1.2ji).1for HAL-B,and
1.6-•`.1forHAL-Caggngate by adjustingthe degreeof foaming.Thesevaluesal.eequivalentto thoseof
lightweightaggregatesasspecifiedbyJISA 5002forL, M,andHgrades, respectively.A superplasticizer
andju agent,the principalingredientsof whichwerepolyca1.bonicacidetherandalky1-carboxylicacid
compound,wereemployedas chemicaladmixtures.

TheconcretemixproportionsareshowninTable2. lnordertomakeeffectiveuse ofthe highperformance
of this aggregate,the water-to-cementitious-binder1.atios(W/(C+SF))weremade 21.9, 32.0,and 40.0
percent,respectively.Replacementof cementby silicafume (SF/(C+SF))was 0 or 10percent.HAL
aggregateswereusedundersaturatedsurface-dryconditionsaRerabsorptionformorethan24hours.The
AL-1aggregatewasusedunderoven-dryor sufficientlyprewettedsurfaceJry conditions.Theahnwasto
obtaina slump of 18 to 24 cm, dependingupon the mix proportion.Air contentwas measuredby the
pressuremethodin accordancewithJISA I128,andtheaim wasanaircontentof 6 percentaRermixing.
Test resultsof slump,aircontent,anddensityare alsoshowninTable2.
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M aterials T ype Properties or chem ical com position

C em ent N orm al portland cem ent   C Specific gravity=3. 16 ; Specific sur1'acc area (B laine)=325()cm 2/g

M ineral
Silica fum e       SF

Specific gravity=2.21 ; Specif-ic surface area (B ET )=20.8m 2/g;

adm ixture SiO 2 =90.6%

C oarse

H igh -perform ance artificial

H A L -A
G m ax= l5m m ; Specific gravity (oven-dry)=0.92: 24h ah.w rption= l.60% :

Fineness m odulus=6.50

H A L-B
G m ax= 15m m ; Specific gravity (oven-dry)= l.22; 24h absorption=0.62% :

ligh tw eigh t aggregate Fineness m odulus= 6.50

H A L-C
G m ax= 15m m ; Specific gravity (oven-dry)= l.66; 24h absorption=0.40% :

aggregate Fineness m odulus=6.50

C onventional lightw eight

aggre gate

A L-I
G m ax=15m m ; Specific gravity (oven-dry)= 1.3 I; 24h absorption=8.67% ;

Fineness m odulus= 6.30

A L-2
G m ax= l5m m ; Specific gravity (oven-dry)=1.26; 24h absorption=9.94% ;

Fineness m odulus= 6.33

Fine aggregate L and sand      s
Specific gravity (saturated surface-dry)=2.59; A bsorption= 1.50% ;

Fineness m odulus=2.82

C he mi ca1

adm ixture

Superplasticizer Polycarbonic acid ether

A E agent A nion surface active agent based upon alky1-carboxylic acid com pound



Table2 Mixproportionsandpropertiesoffreshconcrete

* W/(C+SF), s/a. and SF/(C+ SF) indicatevalues of water-to-cementitious-binderratio. sand-aggregateratio. and
replacementofcement by silica fume. respectively.

(2) ExperimentalProcedtlre

Inordertoinvestigatethephysicalpropertiesof
HALaggregateandwhetheror notthetargeted
pore structurewas obtained,HALaggregates
were testedfor bulkspecificgravity;24-hour
absorption (JIS A 1135); absolute specific
gravity (JIS R 2205); total porosity of the
aggregate particles; crushing value (British
Standard. B.S. 812); formation of pores (
observedby scanningelectronmicroscopy);
absorption under water pressure; and
distributionof poreradiusand pore volume(
estimatedby mercury intrusion).AbsoIVtion
tests on the aggregateunder water pressure
were conductedby using the pressurevessel
shownin Photo. 1. Absolutelydry aggregate

Photo.1 Apparatusforwaterpressureabsorptiontests

wasplacedin thepressurevessel,and the waterpressureincreasedto 4.9 MPain stepsof 0.98MPa.
Absorptionwascalculatedby followingthe waterdropin twomeasuringpipettes.Totalporositywas
evaluatedastheratiooftotalporevolumetobulkvolumeofaggregateparticles,asshowninEquation(1).
Theoccupancyratioof openporevolumeto totalporevolumewasalsocalculatedfromEquation(2),
assumingthatthemaximumwaterpressureof4.9MPabroughtaboutsaturatedabsorption.

a=(1 -Dd/Da) x 100 (%)................................................................. (1)

P=(Qs.Dd/a) X 100 (%)..................................................................(2)

where:
a

Dd
Da
P
Qs

totalporosityofaggregateparticles(%),
specificgravityofaggregateunderoven-dryconditions,

absolutespecificgravityofaggregate,
occupancyratioofopenporevolumeto totalporevolume(%),
saturatedabsorptionofaggregate(%).
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Photo.2 Pressurizingof freshconcrete Photo.3 Appearanceof high-performance
lightweightaggregate(HAL-B)

Testsforconcretecompressivestrength(JISA 1lO8aJld1132)andresistancetofreezingandthawingwere
conducted.Specimensfor freezingand thawingtestsweremadeas follows.Aftermixing,concretewas
placedin the cylindricalsteelcontainer(@20x 36cm)to a heightof 32cm,andthenloadedin a testing
machineup toa maximumloadof4.9 MPaat a rateof I.96 MPa/min,as showninPhoto.2.Theconcrete
was removedfromthecontainerafterbeingunloaded,andthencast intomoldswiththe dimensionsof
10x10x40cm.The moldswereremovednextdayandcuredin waterto theage of 14days.Thisprocess
simulatestheeffectsofpumpingon resistanceto freezingandthawing.Freezingandthawingtestswere
performedin accordancewithASTMC 666,ProcedureA (RapidFreezingandThawingin Water).The
freeze-thawdurabilityof the concretewas evaluatedby measuringthe relativedynamicmodulusof
elasticity,usinga dynamictestingapparatusandthechangeinweightof thespecimen.Adurabilityfactor
was deteminedasgivenby Equation(3).

DF=P.N/M....................................................................................(3)

where:
DF = durabilityfactorof spechnen,
p = relativedynamicmodulusof elasticityafterN cyclesof freezingandthawing(%),
N = numberof cyclesuntilP reachesthe specifiedminimumvalue(60%)orthe speciBed

numberof cyclesat whichtestis teminated (300cycles),whicheveris less,
M =specifiednumberof cyclesat whichtestis teminated (300cycles).

The resistanceof lightweightaggregatesthemselvesto freezingandthawingwas also examinedby the
followingtest method.Severallightweightaggregates(HAL-A,B, C andju-1 ) wereplacedin.anoven
and heated until oven dry. Equal bulk volumes of each were used in freezing and thawlng tests
correspondingto ASTMC 666,ProcedureA.Thefreeze-thawdurabilityof eachaggregatewasestimated
by bothchangesin absorptionandweight.

4iB

a_Pk5*
Theappearanceofthemanufacturedhigh-performancelightweightaggregate(HAL)isshowninPhoto.3.
Thecolorof thisaggregateisgray-whiteandthereareno cracksnorvoidson theaggregatesurfaceaside
froma fewminutevoids.

TheresultsoffundamentalpropertytestsaregiveninTable3 andFig. 3.Thetotalporosityof fiAL-A,B,
andCaggregateswas 62,49,and31percent,respectively,andHAL-Bhadalmostthesametotalporosity
as conventionalALJ and AL-2aggregates.Theabsorptionof HAL-A,B, and C aggregatesunder4.9
MPawaterpressurewasas lowas 3.24,0.73,and0.40percent,orapproximately1/9to 1/80thatofAL-1
andAL-2aggregates.Furthermore,HALaggregateparticlesreturnedverylittlewaterafterthereleaseof
water pressure,while AL-1 and AL-2 aggregateparticles returned a large amount,decreasingby
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Table3 FundamentalpropeQ testresultsoflightweightaggregate

approximatelyl7 to 20percent.Theseresultsgive
theoccupancyratioofopenporevolumetototalpore
volume as 4.8 for HALA, I.8 for HALB, and 2.I
percent for Hju-C, respectively.These values are
quite smallwhencomparedwiththose of AL-I and
AL-2,whichare 78and 82percent,respectively,and
areequivalenttovaluesobtainedinpastresearch[2].
The B.S. crushing values of HAL aggregates are
smaller,while 10 percentcrushingvaluesare larger,
than those of ALJ and AL2. This demonstrates
HAL aggregateshave improvedstrength,witheven
HAL-A - which has the largest total porosity -
possessingthesamestrengthorgreaterstrengththan
AL-1 and AL2. The strength of lightweight
aggregateitselfis thoughtto dependonthesizeand
distributionsofporesintheaggregateparticles.
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Fig.3 Absorptiontestresultsunderwaterpressure

Crosssectionsof the lightweightaggregateswereobservedat lox magnincationusinga microscope,as
shown in Photo.4. HAL aggregateshave almostno large voidsor cracks, unlikethe conventional
lightweightaggregates,andthe small-diameterporesareunifomllydistributed.FurthemoFe,thereisno
differenceinthestateofporesamongtheaggregateparticles.Ontheotherhand,AL-1aggregatehadlarge
voidsand cracksof 1 to 3 mm,and therewas some evidenceof variationsin pore stateamongAL-I
aggregateparticles.

Theporestructureof theaggregates,observedby SEMat 400xmagnification,areshowninPhoto.5.With

Photo.4 Cross sections of aggregates( lea.. AL-i ; right : HAL-B)
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Photo.5 Porestructureof aggregatesobservedby scanningelectronmicroscopy(SEM)
( lea :AL-2; right : HALB )

HAL-A,B, and C aggregates,the smallerthe total
porosity,the smallerthe maxhnumdiameterof the
pores;themaximumdiameterswereapproximately
150, 100, and 50 Lun,respectively. HAL-A, B, and C
aggregates had particularly large numbers of
sphericalporesofdiameterwere2 to 50,2 to40,and
2 to 20 Lm, respectively. On the other hand,
conventional lightweight aggregates had large
numbersofporesof2 to 100runindiameter,though
therewerelargevoidsof 1 to 3 mm, as mentioned
above.TheporesofAL2 aggregatewereirregularin
shape,frequentlyadjoiningtheshellsofotherpores,
and in someaggregateparticlesthe poreswerein a
reticularnetwork.AccordingtoSEMobservationsat
10,000x,pores with diameters less than several
hundrednm were present in all aggregatetypes,
thoughtheywereverysmallinnumber.
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Fig.4 Mercuryintrusiontestresults

Theresultsof themercuryintrusiontestsareshowninFig.4.WithAL-1andAL2 aggregates,estimates
of poreradiuswerewidelydistributed,andporesof radius100to200nm werelargein number.Onthe
other hand,with HAL aggregates,hardlyany mercuryintrudeduntil the pressurewas increasedto
approximately130MPa,correspondingtothe pressureat whichmercurycouldintrudeintoporeswith5
nm orgreaterradii.Thecumulativeporevolumeincreasedabruptlywhenthemercurypressureroseabove
l30 MPa.SincetheporestructureofHALaggregate,whichis almostclosedor isolated,collapsesunder
highpressure,theamountofmercuryintrusionshouldincrease.Thus,theporeradiiestimatedin thistest
seemto beinconsistentwiththeSEMobservations.

These test resultsindicatethat we were able to manufacturehigh-performanceartificiallightweight
aggregatewithsmall,closedporesin auniformdistribution.Usingthisaggregate,castingoftheresulting
concretebypumpispossible,evenifdryaggregateisused.Moreover,noprewettingorpresoakingprocess
isnecessarylTorconcretemixingandcasting.

(2) CompressiveStrengthofConcrete

Thecompressivestrengthof lightweightconcreteusingHALaggregatesandAL-1agg1.egateat theageof
28 daysis shownin Fig.5. Whena lightweightaggngateis usedto makehigh-strengthconcrete,little
increasein compressivestrengthat thehigh-stl.engthlevelisexhibitedevenif thewater-to-cementitious-
binderratio (W/(C+SF))is reduced.This is becausethe strengthof the aggregateitselfbecomesthe
governingfactor.In thissituation,lightweightaggregateofhigherspecificgravitymaybe usedto secure
greaterstrength,thoughlightnessis sacrificedto someextent.However,in thesetest results,whenthe
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water-to-cementitious-binderratio is in the range
2l.9 to 40.0 percent,even concretecontainingthe
lightest HAL-A aggregate has almost the same
compressivestrengthas lightweightconcreteusing
AL-1 aggregate. With HAL-B aggregate, whose
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specificgravity and total porosityare nearly equivalentto those of AL-1 aggregate, the strength
developmentof concretewas improvedby 2.3 to 38.6 MPain comparisonwith ALl concrete.This
strengthgain becameclearerat lowerW/(C+SF).Good correlationwas noted betweencompressive
strengthand cementitious-binder-to-waterratio,and significantincreasein compressivestrengthat the
high-strengthlevel canbe expectedif HALB aggregateis used,althoughAL-1and HAL-Aaggregate
concreteshadlittleincreaseincompressivestrengthwhenW/(C+SF)wasbetween21.9and32.0percent.

Thesetest resultsdemonstratethatcompressivestrengthat the high-strengthlevelcanbe improvedby
usingahigh-performanceartificiallightweightaggregatewithsmall,closedporesdistributedunifomiyin
theaggregateparticles.Accordingto otherresearchbytheauthors[3],acompressivestrengthhigherthan
130 MPa can be obtainedby adoptingHAL-Cgrade aggregateand selectingan appropriatemix
proportion.ThesplittingtensilestrengthandmodulusofelasticityofHALaggregateconcretes,omittedin
thispaper,werealsoexamined.Valuesweresmallel.in comparisonwiththoseofnormalweightconcrete,
a factpointedoutbytheauthorsandotherresearchers[3],[4].

(3) Resistanceto Freezingand ThawingofConcrete

Tests of resistanceto freezing and thawingwere camiedout on concretesusing high-perfomlanCe
lightweightaggregates(HAL)and a conventionallightweightaggregate(AL-1).The propertiesof the
freshfn concrete,whichwas pressurizedinorderto simulatepumping,wereas follows.Theaircontent
wasin therangeof3.1to4.8percent,1to 3.5percentlowerthanthepost-mixingaircontent.Hardlyany
slumplosswasnoted,becauselittleabsorptionby theaggregatewasexpected.

Figure 6 shows changein relativedynamicmoduliof elasticityof the specimensafter fl-eeZingand
thawing.ConcretesusingprewettedAL-1 aggl.egatedeteriorateddramatically,evenwith a water-to-
cementitious-binderratioof2I.9 percent(mixture22LpS),andtherelativedynamicmodulusofelasticity
fellto283 percentafter39cyclesoffreezingandthawing.Ontheotherhand,inthecaseofconcretesusing
HALaggregates,eventheconcretenamed40AN- whoserelativedynamicmodulusofelasticityfellmost
quicklyat anearlystageoftesting- hada relativedynamicmodulusofelasticityof73.1percentaRer1l9
cycles.Thusthefallin relativedynamicmodulusofelasticitycanbereducedbyusingHALaggregatein
lieuofprewettedAL 1aggregate.ThetypeofHALagg1-egateandthewater-to-cememitious-binderratio
(W/(C+SF))alsoinnuencedthe freeze-thawresistanceof HAL concrete.The lowerthe valueof W/
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(C+SF)or the largerthe specificgravityof theHAL
aggregate, the smaller the reduction in relative
dynamicmodulusof elasticitybecame.The freeze-
thawresistanceof concreteincorporatingsilicafume
tended to be slightly higher than that of concrete
withoutsilicafume.

Therelationshipbetweendurabilityfactorandwater-
to-cementitious-binderratio(W/(C+SF))is illustrated
inFig.7. It seemsthatthereis no correlationbetween
them.Accordingtoa linearregressionanalysisofeach
type of aggregate,however,a certain correlationis
found.In thecaseof HAL-Baggregate,thedurability
factor of 45 rose as high as 95 as W/(C+SF)was
reducedfrom40.0to21.9percent.On theotherhand,
inthe caseof concreteusingHALA or C aggregate,
the resultwas different.With HAl,-A concrete,the
durabilityfactorfell to approximately30 in all cases,
regardlessof W/(C+SF).Conversely,with Hju-C
concrete,thedurabilityfactorwasbetterthan80in all
cases.Thus,thepropertiesof theHALaggregateitself
have a significant influence on the freeze-thaw
resistanceof theconcreteincorporatingthem,though
W/(C+SF) has same effect as pointed out in past
research [5],[6].
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Figure 8 showsthe relationshipbetween durabilityfactor aJldoven-dryspecificgravity of the HAL
aggregate.Thedurabilityfactorincreasesastheoven-dryspecificgravityofthe aggregatebecomeshigher,
inthe orderA,B, aJldC. Accordingtoa linearregressionanalysisat a particularW/(C+SF),thereisgood
correlation.Itturnsout thatthe oven-dryspecincgravityof the HALagg1.egateneedsto begreaterthana
certainvaluein order to ensuresuperiordurability.For example,if a durabilityfactorhigherthan60 is
required,HAL aggregateswith values of specificgravitygreaterthan i.07, 1.20,and 1.36should be
employedforconcreteswith W/(C+SF)valuesof 21.9,32.0, and40.0percent,respectively.In orderto
ensurehighdurabilityforanyvalueof W/(C+SF),it isadvisableto useanaggregatewitha specincgravity
of 1.5 to l.7 (HALC grade).

Figure9 showschangein weightofspecimenssubjectedtofreezingandthawing.TheweightlossofHAL
concretesbecomessmalleras W/(C+SF)fdls or the specificgravityof the aggregateis increased.The
weightlossofconcreteusingHAL-Aaggregatewas 1to 2percentof theinitialspecimenweightwhenthe
relativedynamicmodulusofelasticityreached60 percent.Withfurtherfreezingandthawingcycles,the
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reductioninweightbecamemoreprominentandallspecimenscollapsedbeforereaching300cycles.With
concleteusingHAL-Baggregate,theweightofthespecimendecreasedby0.4to 5.7percentat theendof
the freezingandthawingtest (300cycles).Withflu-C aggregate,however,thereductionin weightwas
notablysmaller,in the range0.2 to 1.4percent.Concreteweight loss due to freezingand thawingis
generallycausedbymortarscaling,aggregatepop-out,andspal1ing.In thecaseof normalweightconcrete
witha relativelyhighwater-to-cementratio,themainlossis throughscaling.Withlightweightconcrete,it
may be causedby pop-outas wellas scaling.On theother hand, in the case of HAL concretewith a
relativelylow water-to-cementitious-binderratio,it mayresultfrom pop-outand spal1ing,as shownin
Photo.6.Littlepop-outor spal1ingoccurredwithHAL-Cconcreteandwithconcreteusingabsolutelydry
conventionalaggregate(mixture40LdN).However,HAL-Aaggregateconcretesuffe1-edfromsignificant
pop-outand spalling.It also appearsthatthis pop-outand spallingis particularlyprominenton the top
placementsurface,wherethe aggregatesurfaceis more likelyto be exposedby scaling.Hencethe
deteriorationofHALaggregateconcreteduetofreezingandthawingcanbeexplainedasbelow.

First,it is assumedthat superiordurabilitycanalwaysbe obtainedwithHALconcretebecauseof the
characteristicsoftheaggregate,whoseporesarealmostclosed.ConcreteusingHALaggregatewitha low
speciBcgravity(thatis,a largetotalporosity),however,doesnotnecessarilyhavesuperiordurability.Pore
diametersarelargeandthemutualseparationbetweenporesis smallinsuchHju aggregates.Inthiscase,
initialcrackson theaggregatesurfaceoccurwhenthesurfaceporesbecomesaturatedandtheexpansive
stressoffreezingexceedsthestrengthoftheporepartitions.Theresultingcracksthenpropagateintothe
mortarandwithintheaggregateparticles,foming continuouscracks.Theclosedstateoftheporesin the
aggregateparticlesfailsto besustained.TheresultisdeteriorationoftheHALaggregateconcrete.

The resultsgivenaboveleadus to a numberof conclusions.The freeze-thawresistanceof lightweight
concretecan be greatlyimprovedby using a highTPerformancelightweightaggregateinstead of a
prewettedconventionallightweightaggregate.Thereisgoodcorrelationbetweenfreeze-thawresistanceof
concreteusinghigh-performancelightweightaggregateandtheoven-dryspecificgravityoftheaggregate.
ThegreaterthespeciBcgravityoftheaggregate,thebetterthefreeze-thawdurabilityobtained.@
In order to clarify the mechanismof HAL concretedeteriorationdue to freezingand thawing,two
additionaltestswereconducted.TheresultsareshowninFigs.10to 12.

40BN (HAL-B ) 40CN ( HAL-C)

Photo.6 SpecimensaRel.freezingandthawingtests
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Figure10showsfreezingandthawingtestresultsfor
HALconcnte.h thisexperiment,thetoplayerofthe
specimenswas replacedby mortarsievedfrom the
freshlymixedconcrete.Thiswasdonetoexaminethe
effect of protecting this top layer. Since HAL
aggregatenearthetop placementsurfaceis likelyto
be exposedto water,the top placementsurfaceis
more likelyto be damagedby pop-outand spal1ing.
Withthesespecimens(laminatedspecimens),better
durability was achieved in comparison with the
conventionalspecimens (control specimens).Of
particularnoteisthe caseofHAL-Bconcrete,where
durabilityfactorsof74.5 and90.4wereachievedfor
laminatedspecimenswithW/(C+SF)valuesof 40.0
and 32.0 percent,respectively.The weight loss of
thesespecimenswas also smaller.Furthermore,the
laminatedspecimensshowedalmostnodeterioration
on thetopplacementsurface.However,deterioration
occurredwheretheaggregatewasnearothersurfaces
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ofthespecimens.It isreasonableto saythatdurabilityresultsdependonwhetherthereissufficientwater
aroundtheHALaggregatesurfaceornot.

Figures11and 12showchangesin absorptionandweightoftheHALaggregateitselfduetofreezingand
thawingactioninwater.Absorptionroseasthenumberoffreezingandthawingcyclesincreased,although
theporesintheclosedstatewereentrained.Theabsorptionreached36.1percentaaer55cyclesinthecase
ofHAL-A.Alsotheweightofoven-dryHAL-AandB aggregatesdecreasedconsiderablywithrepetitions
of the freezingandthawingcycle.The greaterthespecificgravityofan HALaggregate,the smallerthe
recordedweightlossandalsothelowertheabsorption.WithHALC aggregate,anincreasein absorption
ofapproximately3percentandadecreaseinweightbyapproximately3percentwererecognizedaRer201
cycles,atwhichpointthetestwasterminated.Thesechangesareverysmall.Thesetestresultsverifythat
HALaggregateconcretedeterioratesdue to pop-outandspallingwhencontinuouscracksoccurin the
aggregateparticlesandmortar,andwhentheclosedstateof theporescannotbesustained.Withrespectto
conventionallightweightaggregates,pastresearchshowsthattheaggregateitselfsufferstide damage,and
is verydurable[7].Inthisstudy,however,a largeincreasein absorptionanda largedecreasein weight
wereobservedfortheconventionallightweightaggregate(AL-I), andtheaggregatewasdamagedinthe
sameway as Hju-A and B aggregates.Thisdifferencein resultsis thoughtto be a consequenceof
differenttestmethodsandthenumberoffreezingandthawingcycles.

If HALaggregateconcreteisemployedin coldregions,certainconsiderationsmaybe necessary.It has
beensaidthatthetestmethodcorrespondingto ASTMC666 ProcedureAistoosevereforthefreeze-thaw
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durabilityevaluationof actualconcretemembers.Few concretemembersare subjectedto the severe
exposureconditionsspecinedby this method.The outerwallsof oilplatformsoperatingin the Arctic
Oceanarelikelyto be exposedto theseconditions,and in suchcaseswe recommendthatHALB or C
aggregate(oven-dryspecificgravityof approximately1.2or l.6) shouldbe chosen,dependingon W/
(C+SF)inorderto assuresufficientdurability.Ontheotherhand,mostconventionalstructul-eSareexposed
to much milder conditions,and superiordurabilitycan be assuredby usingHAL-Bgradeaggregate.
Accordingtothepaststudies,adequatedurabilityisreportedlyobtainedby usingprewettedconventional
lightweightaggregate,as longas exposureconditionsare not too intense[7],[8].Therefore,adequate
durability can in practice be obtained even if HAL-A aggregate (oven-dry specific gravity of
approximately0.9)isused.

On the basis of this discussion,we can say that high-performancelightweightaggregateconcrete
deterioratesdueto pop-outand spal1ingwhenanaggregatewitha lowspecincgl.aVityis used,sincethe
closed state of the pores in the aggregateparticlescannot be sustained.Howevel.,even if a high-
perfomancelightweightaggregateof lowspecincgravityis used,adequatedurabilitycan beassuredby
takingintoaccountbothexposureconditionsandthemixproportion.

5. CONCLUSIONS

A high-performanceartificiallightweightaggregatehas been developedthroughapplicationof a new
manufacturingmethod.Theperformanceofthisaggregateitselfandthepropertiesof theresultingconcrete
havebeenexamined.Theresultsobtainedaresummarizedbelow.

(1) A high-performanceartificiallightweightaggregatecan be obtainedby selectinga suitableraw
material and adoptinga new manufacturingmethod.Thisaggregatehas small,almost-closedpores
distributeduniformlyin the aggregateparticles.No prewettingor presoakingprocessis necessary,and
concretemade with this aggregatecanbe cast'by pump,evenif the aggregateis used dry, sinceno
absorptionoccursunderwaterpressure.

(2) Thehigh-performancelightweightaggregateis itselfstrongerthanconventionallightweightaggregate
becauseof thedifferenceinporestructure.Thelowincreaseincompressivestrengthnotedinlightweight
concretesat the high-strengthlevelis improved,ensminglightweightconcretewithhighercompressive
strength.

(3) The freeze-thawresistanceof high-performancelightweightaggl.egateconcreteis significantly
improvedin comparisonwith that of concreteusing sufficientlyprewettedconventionallightweight
aggregate,eventhoughthehigh-perfTormancelightweightaggregateconcretemaybe pumped.

(4) Thereis agoodcorrelationbetweenfreeze-thawresistanceofconcreteusingthisnewaggregateand
theoven-dryspecificgravityoftheaggregate.Thegreaterthespecificgravityof theaggregate,thehigher
thefreeze-thawdurabilitybecomes.Extremelyhighdurabilitycanbeobtainedby usinganaggregatewith
aspecificgravityofapproximately1.5to 1.7,regardlessofthemixproportion(e.g.,water-to-cementitious-
binderratio).

(5) bterioration dueto freezingandthawingoccurswhentheclosedstateof theporesinthe aggregate
particlescannotbe sustained.
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